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Ultraviolet-visible light spectral transmittance of rabbit corneas 
after riboflavin/ultraviolet-A (365 nm) corneal collagen cross- 
linking 
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Purpose: To determine the effect of riboflavin/ultraviolet-A (365 nm) corneal collagen cross-linking on the transmission 
of the ultraviolet-visible (UV-VIS) light spectrum through the cornea. 

Methods: Twelve New Zealand white male rabbits were used in this research. Cross-linking was performed unilaterally 
on the right eyes of the animals while only the epithelium was removed on the left eyes as the control. Seven weeks 
after cross-linking, the animals were euthanized, and the enucleated eyes were processed for transmission spectroscopy. 
To confirm that the cross-linking procedures was done successfully on the right corneas, the tensile force-extension 
relationship was measured using six corneas from three of the rabbits after the transmission spectrum was determined. 
Results: Seven weeks after cross-linking, ten of the 12 rabbits had clear corneas in the cross-linked and control eyes. 
The two rabbits with neovascularization and granular opacities in the right corneas were not included in subsequent 
measurements. In the cross-linked corneas, transmittance was 87.57% at 650 nm, and decreased continuously as the 
wavelength shortened. From 315 nm, the transmittance rapidly decreased and was 35.52% at 300 nm. In the control 
corneas, transmittance was 95.95% at 650 nm and decreased continuously as the wavelength shortened. Below 315 nm, 
the transmittance rapidly decreased, to 40.29% at 300 nm. The transmittance of the cross-linking corneas was 10%-20% 
lower than that of the control corneas. The difference was 8.38% at 650 nm and increased as the wavelength shortened, 
reaching a maximum of 20.59%) at 320 nm, and decreased rapidly to 4.77% at 300 nm. The tensile force-extension 
relationship showed that a greater force was necessary to extend the cross-linking corneas over 500 um than that of the 
control corneas. 

Conclusions: The transmittance of the cross-linked corneas was 10%>-20%> lower than that of the control corneas. The 
difference increased as the wavelength decrease, reaching a maximum at 320 nm and then decreasing rapidly. Ultraviolet 
collagen cross-linking exhibited a protective effect against ultraviolet penetration. 



Riboflavin (vitamin B 2 )/ultraviolet-A (UVA; 365 nm) 
corneal collagen cross-linking is a treatment option for kera- 
toconus [1-8] or cornea ectasia [7]. The following describes 
the procedure. Corneal epithelia are removed, and riboflavin 
penetrates the corneal stroma. The cornea is then irradiated 
with UVA 365 nm, which produces reactive oxygen species 
(ROS), such as singlet oxygen and superoxide anion radi- 
cals, which induce the covalent bonds between the collagen 
proteins [4]. This collagen cross-linking leads to biomechan- 
ical stabilization of the cornea [9]. Subsequently, the stiffness 
of the cornea increases, and the progression of keratoconus or 
cornea ectasia is thus hampered or stopped. 

The corneal stroma is unique in that it possesses a 
homogeneous distribution of small diameter (25 to 30 nm) 
fibrils that are regularly packed within lamellae. It was 
hypothesized, based on the physical properties of light, that 
this lattice-like structure produces minimal light scattering 
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and, therefore, transparency to the visible spectrum [10-12]. 
However, regarding the ultraviolet spectrum (UVA: 400 to 
315 nm, UVB: 315 to 280 nm, UVC: 280 to 100 nm), corneal 
transmittance decreases below 400 nm, and below 300 nm is 
nearly zero [13,14]. The cornea plays a key role in absorbing 
UV light and in protecting the inner eye such as the crystal- 
line lens and retina against oxidative injury. 

We hypothesized that if collagen cross-linking changed 
the inner structure of the corneal stroma, including the 
collagen fibrils and their arrangement, then ultraviolet-visible 
(UV-VIS) light transmittance through the cornea could be 
altered. Ghanem et al. reported that after cross-linking for 
treating pseudophakic bullous keratopathy, the corneal 
thickness decreased, and the cornea became clear, although 
this condition was temporary [15]. In contrast, Cejka et al. 
reported that throughout the measurable UV-VIS spectral 
range, a UVB-irradiated cornea absorbs more light than a 
normal cornea [16]. 

If UV light transmittance increases after cross-linking, 
the incidence of cataract or retinal complications (e.g., 
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age-related macular degeneration) increases. Moreover, since 
most patients undergoing cross-linking are young, the long- 
term effects on the inner eye are more profound. If VIS light 
transmittance decreases significantly, the corrected visual 
acuity is reduced. Therefore, the change in the UV-VIS light 
transmission spectrum after cross-linking is an important 
issue. However, to our knowledge, no reports regarding this 
important factor have been published. 

In this study, we performed in vivo cross-linking on 
corneas in rabbits. After 7 weeks, we determined the effect 
of riboflavin (vitamin B 2 )/UVA 365 nm corneal collagen 
cross-linking used to slow the progression of keratoconus 
or cornea ectasia on the transmission of the UV-VIS light 
spectrum through the cornea. 

METHODS 

Animals: This study was approved by the Animal Experi- 
mentation Committee of the Catholic University of Korea. 
Animal experiments were conducted in compliance with 
the Statement of the Association for Research in Vision and 
Ophthalmology on the Use of Animals in Ophthalmic and 
Vision Research. Twelve New Zealand white male rabbits 
(numbered #1 to 12) weighing 2.5-3.0 kg were used in this 
research. Cross-linking was performed unilaterally on the 
right eyes of the animals while only the epithelium was 
removed on the left eyes, as the control. Seven weeks after 
cross-linking, the animals were euthanized, and the enucle- 
ated eyes were processed for transmission spectroscopy. 

Cross-linking procedure: The animals were anesthetized with 
a mixture of 7.5 mg/kg tiletamine hydrochloride, 7.5 mg/ 
kg zolazepam hydrochloride (Zoletil; VIRBAC Laborato- 
ries, Carros, France) and 5 mg/kg xylazine hydrochloride 
(Rompun; Bayer HealthCare, Leverkusen, Germany) before 
treatment. Cross-linking was performed unilaterally on 
the right eyes of the animals, whereas only the epithelium 
was removed on the left as the control. The protocol used 
was similar to the technique reported by Wollensak et al. 
[17]. Briefly, 20% alcohol was applied to the cornea with 
an 8. 5 -mm well (the same procedure as for laser-assisted 
subepithelial keratectomy) to disturb the tight epithelial junc- 
tions. The epithelium was carefully removed with a hockey 
knife. After epithelial abrasion, the cornea was moistened for 
10 min with 0.1% riboflavin solution (10.95 mg riboflavin- 
5-phosphate in 10 ml of 20% dextran T-500 solution [Peschke 
GmbH, Nurnberg, Germany]). During the next 30 min, 
UVA light at 365 nm with 3 mW/cm 2 surface irradiance was 
projected onto the central cornea using a UV-X irradiation 
system (Peschke). Riboflavin drops were reapplied topically 
to the corneal surface every 5 min during UVA irradiation. 



© 2013 Molecular Vision 

Levof loxacin (Cravit; Samil, Seoul, Korea) and f luorometho- 
lone (Ocumetholone; Samil) drops were applied five times 
daily for 7 days after cross-linking. 

Transmission spectroscopy: Seven weeks after cross-linking, 
the animals were euthanized with an intravenous overdose 
of sodium pentobarbital (>100 mg/kg, noninhaled agent, ear 
vein), and the enucleated eyes were processed for transmis- 
sion spectroscopy. Initially, with the naked eye and the globe 
in situ, the presence of any abnormalities, such as ulcers or 
corneal opacity, was determined, and then photographs were 
taken with a digital camera. The central cornea thickness was 
measured with an ultrasonic pachymeter (SP-3000, TOMEY, 
Phoenix, AZ) three times with the values averaged. The 
eyeball was enucleated, and the corneoscleral button was 
trephined. The corneoscleral button was placed, endothe- 
lial side up, on a cutting block, and then punched from the 
endothelial side, using an 8.0-mm Hessburg-Barron punch 
(Katena, Danville, CA). 

To measure the UV-VIS transmittance spectrum, a spec- 
trophotometer (DU-530 Life Science UV/Vis Spectropho- 
tometer, Beckman Coulter, Indianapolis, IN) was used. The 
spectrophotometer was set up so the cornea and microscope 
cover glass (Deckglaser, Lasec, South Africa) could be placed 
perpendicular to the measuring beam (Figure 1 A). The cover 
glass was placed on the cuvette holder (Figure IB). The scan 
range was set at 300-650 nm (5 nm intervals), which included 
ultraviolet and visible light. The "transmission percentage" 
indicator was chosen. First, the base spectrum of the micro- 
scope cover glass was measured. Second, the corneal sample 
was placed on the cover glass with the epithelium directed 
downward. By placing the samples in this orientation, the 
measuring light beam of the spectrophotometer entered the 
cornea from the epithelial side, that is, from the same direc- 
tion as the cornea in situ. The cover glass and the cornea were 
replaced. Their position was adjusted so that the rectangular 
measuring beam was located in the center of the cornea. After 
adjustments were made, the cornea samples were scanned. 

Measurement of corneal stiffness: To confirm that the 
cross-linking procedures were performed successfully on 
the right corneas, the tensile force-extension relationship 
was measured using six corneas from three rabbits after 
the transmission spectrum was determined. We compared 
the three right and left corneas. The tensile force- extension 
relationship was measured using the Biomaterial Universal 
testing machine (Instron Model 5966, Illinois Tool Works, 
Grove City, PA; Figure 2A) at room temperature. Ultrasound 
moisture was used to keep the specimens moist. The 8.0-mm 
diameter corneas were clamped 2.0 mm on each side (Figure 
2B). The distance between the clamps was 4 mm. Force and 
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Figure 1. A spectrophotometer used for measuring the ultraviolet-visible light transmittance spectrum. A: The spectrophotometer was set 
up so that the cornea and microscope cover glass could be placed perpendicularly to the measuring beam. B: The cover glass was placed on 
the cuvette holder. C: The corneal sample was placed on the cover glass with the epithelium directed downward. 



length data were collected automatically by the computer. 
The specimens were loaded under a constant velocity of 
loading (10 mm/min) for one cycle. 

Histological evaluation: To confirm that cross-linking 
procedures were performed correctly on the right corneas, 
six eyes from three rabbits were processed for histologic 
evaluation after transmission spectroscopy. They were fixed 



with 4% buffered paraformaldehyde and then stained with 
hematoxylin and eosin (H&E). 

Terminal deoxynucleotidyl transfer ase-mediated dUTP nick 
end labeling assay: We assessed keratocyte apoptosis after 
cross-linking using terminal deoxynucleotidyl transferase- 
mediated dUTP nick end labeling (TUNEL) assay. Tissue 
sections were removed from paraffin blocks of corneas. A 
fluorescence-based TUNEL assay was used according to the 




Figure 2. Measurement of corneal stiffness. A: A stress-strain curve was obtained using the Biomaterial Universal testing machine. B: The 
8.0-mm diameter corneas were clamped 2.0 mm on each side. 
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Figure 3. Corneal edema after cross-linking. A right cornea (OD) 2 days after cross-linking showing severe edema and opacity compared 
to the control cornea (OS). At approximately 1 week after cross-linking, corneal edema was not observed with the naked eye. 



manufacturer's instructions (In Situ Cell Death Detection Kit, 
Cat No: 11 684 809 910; Roche Applied Science, Manheim, 
Germany). Photographs were obtained with a Zeiss LSM 
(Jena, Germany) 510 Meta confocal microscope. 

RESULTS 

Figure 3 shows a right cornea with severe edema and opacity 
2 days after cross-linking. Subsequently, however, the corneal 
edema decreased. At approximately 1 week after cross- 
linking, corneal edema was not observed with the naked eye. 

Figure 4 shows photographs of the corneas before 
enucleation, 7 weeks after cross-linking. Ten of the 12 rabbits 
exhibited clear corneas in the cross-linked eyes (Figure 4A) 



and the control eyes (Figure 4B). In one rabbit (#3), corneal 
neovascularization was found at the center of the right cornea 
(Figure 5A). In another rabbit (#5), granular-type opacities 
were observed with the naked eye at the center of the right 
cornea (Figure 5B). The left corneas of both rabbits were 
clear. The two rabbits with neovascularization and granular 
opacities were not included in the subsequent measurements. 

Table 1 shows the central corneal thickness measured 
before enucleation, 7 weeks after cross-linking. The average 
central cornea thickness of the cross-linked cornea was 
367 jum and 394 jum for the control cornea. The cross- 
linked cornea was 27 |um thinner than that of the control 
cornea. However, in three of ten rabbits (#6, #9, and #11), 




Figure 4. Photographs of corneas before enucleation, 7 weeks after cross-linking. Ten of 12 rabbits exhibited clear corneas in the cross-linked 
(A) and control eyes (B). 
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Figure 5. Complications after cross-linking. A: In one rabbit (#3), corneal neovascularization was found at the center of the right cornea. B: 
In another rabbit (#5), granular-type opacities were observed at the center of the right cornea. The left corneas of both rabbits were clear. 



the difference in thickness between the right and left corneas 
was less than 7 um. 

Figure 6 shows the average transmission spectra of 
ten right and left eyes from ten rabbits. In the cross-linked 
corneas, transmittance was 87.57% at 650 nm, and decreased 
continuously as the wavelength shortened. From 315 nm, the 
transmittance rapidly decreased and was 35.52% at 300 nm. In 
the control corneas, transmittance was 95.95% at 650 nm, and 



decreased continuously as the wavelength decreased. Below 
315 nm, the transmittance rapidly decreased, to 40.29%) at 
300 nm. The transmittance of the cross-linked corneas was 
10%-20% lower than that of the control corneas. In general, 
the individual variation among the cross-linked corneas was 
larger than that among the control corneas (Table 2). 

Figure 7 shows the difference between the transmit- 
tance of the control corneas and that of the cross-linked eyes 



Table 1. Central corneal thickness of cross linking corneas and control corneas 



Rabbit 



#1 



#2 



#4 



#6 



#7 



#8 



#9 



#10 



#11 



#12 



Average 



Central 
corneal 
thickness (urn) 



Cross-linking 
cornea 

Control cornea 

Difference 



328 

361 

33 



357 

409 
52 



396 

415 
19 



365 

363 

-2 



336 

369 
33 



368 

414 
46 



382 

384 
2 



386 400 



408 

22 



407 

7 



330 

375 
45 



367 

394 
27 



2117 



Molecular Vision 2013; 19:2113-2123 <http://www.molvis.org/molvis/vl9/2113> 



© 2013 Molecular Vision 



300 



p=0.001 




350 



400 



550 



600 



650 



Wavelength(nm) 



Figure 6. The average transmission spectra of ten right (cross- 
linking, solid line) and left (control, dashed line) eyes from 
ten rabbits. The transmittance of the cross-linked corneas was 
4.77%-21.28% lower than that of the control corneas. The error 
bars mean the standard deviation of the transmission percentage 
between animals in each group. In general, the individual variation 
among the cross-linked corneas was larger than that among the 
control corneas. 



from ten rabbits. The difference was 8.38% at 650 nm and 
increased as the wavelength decreased, reaching a maximum 
of 20.59% at 320 nm and decreasing rapidly to 4.77% at 300 
nm. Additionally, a local hump was found between 425 and 
455 nm and a focal maximum at 350 nm. 

Figure 8 shows the difference in transmittance between 
the right and left corneas of three rabbits (#6, #9, and #11) and 
the seven rabbits. The solid line represents the rabbits whose 
corneal thickness differences were less than 7 urn, and the 
dashed line represents the remaining rabbits. The transmit- 
tance difference of the three rabbits was 3%-4% less than 
the others, but the overall pattern was similar between the 
groups. 

Figure 9 shows the average force required to extend the 
cornea over 500 jum in the cross-linking group and the control 
group. In the control corneas, extending the cornea required 
a gradual and uniform increase in the force. In comparison, 
greater force was necessary to extend the cross-linked 
corneas over 500 jum. 

Figure 10 shows the H&E-stained images of the cross- 
linked and control corneas. There were few keratocytes in 
the anterior and middle stroma of the cross-linked corneas 
compared to the control corneas. The keratocytes in the 
posterior stroma of the cross-linked corneas were larger than 



those of the control corneas. We did not find a scar or haze in 
the stroma of any sections of the cross-linked corneas with 
high magnification. Neither the epithelium nor Descemet's 
membrane showed any significant differences (H&E, 40X). 

Figure 11 shows representative results from TUNEL 
staining in the cross-linked corneas. TUNEL-positive 
cells were found in the posterior stroma of the cross-linked 
corneas. There were no TUNEL-positive cells in the control 
corneas (not shown here). 

DISCUSSION 

To our knowledge, this is the first study of the UV-VIS light 
transmission spectrum of the cornea after cross-linking. 
In one report, ex vivo cross-linking was performed on 
enucleated porcine eyes, and the transmission spectrum 
was measured immediately afterward to evaluate the impor- 
tance of removing the epithelium in facilitating the entry of 
riboflavin into the corneal stroma [18]. In another report, 
regarding the safety of UVA 365 nm itself for the corneal 
endothelium, the absorption coefficient of UVA 365 nm in 
postmortem human corneas was measured, after riboflavin 
was instilled on the corneal surface [19]. However, we 
performed cross-linking on rabbit corneas in vivo, and after 7 
weeks, we measured the UV-VIS light transmission spectrum 



Table 2. Average and standard deviation of transmittance spectrum of cross linked cornea and control cornea 



Wavelength 



300 nm 350 nm 400 nm 450 nm 500 nm 550 nm 600 nm 650 nm 



Cross 
linked 
cornea 

Control 
cornea 



Average (%) 
Standard deviation 
(%) 
Average (%) 
Standard deviation 
(%) 



35.515 
3.707 

40.285 
3.953 



61.776 
5.036 
81.598 
1.573 



70.304 
4.784 
85.973 
1.93 



75.919 
4.405 
88.71 
2.139 



81.518 
3.619 

91.297 
1.572 



81.574 
3.527 

90.667 
1.851 



86.404 
3.598 
94.942 
2.151 



87.569 
3.688 
95.952 
2.487 
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650 
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Figure 7. The difference between the transmittance of the control 
corneas and that of the cross-linked corneas from ten rabbits. The 
difference was 8.383% at 650 nm and increased as the wavelength 
decreased, reaching a maximum of 20.591% at 320 nm, and 
decreasing rapidly to 4.770% at 300 nm. Additionally, a local hump 
was found between 425 and 455 nm, and a focal maximum at 350 
nm. 

to determine the effect of cross-linking on the UV-VIS light 
transmission through the cornea. The experimental protocol 
was similar to the clinical environment. 

We measured the transmission spectrum 7 weeks after 
cross-linking to avoid the decrease in transmission secondary 
to cornea edema. In this study, corneal edema was severe 
on postoperative days 2 and 3. After 1 week, no edema 
was identifiable with the naked eye. We also confirmed via 
measuring the central corneal thickness that there was no 
corneal edema when the transmission was measured. Of 
course, epithelial healing was complete at the time; thus, the 
effects of removing the epithelium were avoided. Most of the 
riboflavin in the corneal stroma would have been absorbed 
by this time and thus would be unlikely to affect the transmit- 
tance spectrum. 

In one of the 12 rabbits, corneal neovascularization 
was found in the cross-linked corneas. In another rabbit, a 
granular-type central opacity was found. Corneal haze may 
develop after cross-linking [20,21]. However, to our knowl- 
edge there are no reports of neovascularization or granular- 
type opacities. If these complications develop consistently 
after cross-linking, the clinical implications will be signifi- 
cant despite the low incidence. We plan to evaluate these 
complications further. 

The central corneal thickness of the cross-linked 
corneas was smaller than that of the control corneas. This 
confirmed, indirectly, that cross-linking of the right corneas 




300 350 400 450 500 550 600 650 

Wavelength (nm) 

Figure 8. The difference between the transmittance of the control 
corneas and that of the cross-linked corneas of three rabbits (#6, #9, 
and #11) and the other seven rabbits. The solid line represents those 
whose corneal thickness differences were less than 7 |im (#6, #9, 
and #11), and the dashed line represents the remaining rabbits. The 
transmittance difference of the three rabbits was 3%-4% less than 
the others, but the overall pattern was similar between the groups. 

was successful. In one human study, the corneal thickness 
decreased until 3 months post-treatment, and then returned 
to baseline at around 12 months post-treatment [22]. In this 
study, in seven of ten rabbits, the cross-linked corneal thick- 
ness was significantly lower than that of the control corneas. 
In three rabbits, however, the corneal thickness differences 



2.5 



p=0.050 



p=0.050 




0.2 0.3 

Extension (mm) 



0.5 



Figure 9. The average force required to extend the cornea over 500 
urn in the cross-linking group and the control group. In the control 
groups (dashed line), extension of the cornea required a gradual 
and uniform increase in the force. By comparison, greater force 
was necessary to extend the cross-linked corneas (solid line) over 
500 jim. The error bars represent the standard deviation of force 
between animals in each group. 
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Figure 10. The hematoxylin and 
eosin-stained images of the 
cross-linked and control corneas. 
There were few keratocytes in the 
anterior stroma of the cross-linked 
corneas (A) compared to the control 
corneas (B). Neither the epithelia 
nor Descemet's membrane showed 
any significant differences (hema- 
toxylin and eosin, 40X). 



DAPI 



TUNEL 



DAPI+TUNEL 



Figure 11. A representative result from terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling staining in the cross-linked 
corneas. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)-positive apoptotic cells were found at the 
posterior stroma of the cross-linked corneas. 
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between the cross-linked and control corneas were negligible. 
We worried that cross-linking might be unsuccessful in 
these three rabbits. Therefore, we compared the transmission 
spectra of the seven rabbits in which the cross-linked corneal 
thickness was significantly lower than that of the controls 
and the remaining three rabbits. The average transmission 
difference in the three rabbits was 3%-4% smaller than that 
of the seven rabbits, but the pattern was similar, which meant 
cross-linking was successful in these rabbits. 

UVA corneal collagen cross-linking leads to an increase 
in stiffness in porcine corneas and human corneas [23-25]. 
In this study, the cross-linked corneas were stiffer than the 
control corneas, suggesting successful cross-linking in the 
right corneas. 

According to the H&E staining, cross-linked corneas 
compared to the control corneas were different. This is not 
consistent with a previous report [17]. In one histologic 
evaluation of rabbit corneas after cross-linking, during the 
early period after treatment, apoptotic loss of keratocytes 
in the anterior stroma was evident [17]. Many large spindle- 
shaped migratory fibroblasts (i.e., activated keratocytes) 
were observed in the adjacent untreated stroma. However, 
it resolved completely after 6 weeks. In our research, after 7 
weeks, there was still no keratocytes in the anterior stoma. 
Conversely, in a clinical research study, there was almost 
complete loss of keratocytes in the anterior stoma in kera- 
toconus patients, 5 to 30 months after treatment [26]. The 
H&E staining results in our research suggested successful 
cross-linking. 

Riboflavin by itself is not cytotoxic, but as a photosensi- 
tizer, it increases the absorption of UVA, which induces the 
cellular damage [27]. There were some reports about kerato- 
cyte apoptosis after cornea cross-linking [28,29]. In a rabbit 
study, at 24 h, corneas from the UVA-riboflavin cross-linking 
group had significantly more apoptosis than the UVA alone 
and riboflavin alone groups [28]. TUNEL-positive cells were 
observed only occasionally at 4 weeks after surgery in each 
group. By week 6, the cellular distribution pattern within the 
stroma was back to normal. However, in the human cornea 
study, the TUNEL-stained sections of cross-linked corneas 
showed apoptotic cells in the anterior stroma after 6 months 
[29]. In this study, we found TUNEL-positive cells in the 
posterior stroma of the cross-linked corneas after 7 weeks. 

We determined the surface irradiance as 3m W/cm 2 refer- 
ring to Wollensak's rabbit experiment [17]. The cytotoxicity 
level for keratocytes was in the range of 0.49- 0.77 mW/cm 2 
irradiance [30]. However, intensity of ultraviolet decreases 
rapidly as it passes through the stroma according to Lambert- 
Beer [30]. Thus, we found most apoptotic cell losses at the 
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anterior and middle stroma unlike the posterior stroma. Ultra- 
violet light might cause corneal scars, haze, and keratitis at 
the anterior stroma. However, it is unlikely that ultraviolet 
light causes inflammation in the eye, especially in the lens, 
retinal photoreceptor, and retinal pigment epithelium. 

In this study, we compared the 300-650 nm transmis- 
sion spectra of the cross-linked and control corneas. The 
transmission spectrum pattern of the control corneas was 
consistent with a previous report [13]. The spectrum of the 
cross-linked corneas showed patterns similar to those of the 
control corneas but at a lower overall transmittance. Figure 
6 shows the UV-VIS transmittance of the control and cross- 
linked corneas demonstrating that the spectral transmittance 
was decreased by cross-linking. In general, although the 
cross-linked corneas did not show any gross opacity, the 
transmittance was 10%-20% lower than that of the controls. 
This may be due to a subtle haze that could not be detected 
with the naked eye. Corneal haze may develop after cross- 
linking [20,21]. 

Two animal studies that performed the alpha smooth 
muscle actin antibody (a-SMA) stain for myofibroblasts 
after cross-linking [17,28]. In a rabbit study, there were scat- 
tered groups of a-SMA positive myofibrocytes in the corneal 
stroma adjacent to the treatment area, by weeks 4 and 6 after 
treatment [17]. In another rabbit study, few SMA-positive 
cells were detected in the central corneas in the riboflavin- 
UVA group, at 4 weeks after treatment [28]. In this study, we 
did not find a scar or haze in the H&E-stained corneas. 

However, the difference between the transmission of 
the control and that of the cross-linked corneas was larger 
in ultraviolet light than in visible light, and had a maximum 
at 320 nm (Figure 7). The reason is the maximum reduction 
in the transmittance of the cross-linked corneas compared 
with the control corneas occurred at 320 nm. For reference, 
the wavelength of the light source used in the cross-linking 
was 365 nm. 

What type of collagens protects against UV penetra- 
tion is important to discover. However, we did not find the 
information in the current literature. In the human cornea, 
the basement membrane is composed of collagen type IV 
collagen. The collagen fibers in Bowman's layer are primarily 
collagen types I and III. Collagen in the corneal stroma is 
mostly type I, with smaller amounts of types III, V, and VI 
also present. Descemet's membrane is composed primarily of 
collagen types IV and VIII [31]. Because the stroma consti- 
tutes the largest portion, more than 90%, of the thickness 
of the cornea, we speculate that type I collagen is the most 
important for UV penetration. We will investigate what type 
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of collagens protects against UV penetration in the further 
study. 

The difference in the spectral transmittance exhibited 
a local hump around 425-455 nm and a focal maximum at 
350 nm. The former may be due to remnant riboflavin in 
the stroma. We expected that 7 weeks after the treatment, 
the riboflavin would be absorbed almost completely. The 
remnant riboflavin may have caused the local hump in 
the spectral transmission difference because the maximal 
absorption is at around 450 nm [18]. However, we could not 
determine the origin of the focal maximum at 350 nm. There 
is no literature about the transmittance reduction through the 
cross-linked cornea at 350 nm. One possibility is changes in 
keratocytes after UV exposure, including apoptotic cell loss 
and hyaluronan from repopulating keratocytes [32]. 

At the beginning of this study, we were concerned 
about increased ultraviolet transmission after cross-linking. 
However, the ultraviolet transmission decreased post-proce- 
dure, unexpectedly. If the decrease in ultraviolet transmission 
is larger than that of visible light, as in our data, the procedure 
may result in protective effects against ultraviolet damage. 
In this animal experiment, of course, we could not measure 
visual acuity. Whether a decrease in visible light transmission 
causes a decrease in corrected visual acuity or it has clinical 
significance in the human cornea remains to be determined. 
Our study has the following strengths: First, we measured 
the transmittance spectra 7 weeks after in vivo cross-linking. 
Second, we used an epithelium-removed fellow cornea as 
a control. Third, we confirmed that our cross-linking was 
successful via pachymeter, tensile force-extension measure- 
ment, and histologic evaluation. 

In this study, we measured the UV-VIS transmission 
spectrum of rabbit corneas after cross-linking to determine 
the effect of UVA cross-linking on the transmission of the 
UV-VIS. The transmittance of the cross-linked corneas was 
10%-20% lower than that of the control corneas. The differ- 
ence between the transmission of the control and the cross- 
linked corneas was larger in ultraviolet light than in visible 
light, and had a maximum at 320 nm. Thus, UV collagen 
cross-linking showed a protective effect against ultraviolet 
penetration. 
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